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Introduction
The prismatic modular reactor (PMR) is one of the next generation nuclear plants (NGNPs) . One of the prismatic modular reactor (PMR) advantages is its capability to passively remove the decay heat from the reactor core through natural circulation under the loss of flow accidents (LOFA) scenario (Tung et al. 2013 ). In the scenario of the loss of flow accident (LOFA), the natural circulation, due to large temperature variations and consequently density differences, is initiated to remove the decay heat from the reactor core. Furthermore, during the LOFA event, the direction of the coolant flows within the reactor core is reversed. There are two different possibilities for the flow direction within the of the coolant flow channels due to large densities variations of the coolant.
For the heated portions of the reactor core, the gas coolant flows upward, while in the relatively cooled portions (lower temperature) the gas coolant flows downward establishing the natural circulation. The gas coolant channels with downward flow act as downcomer channels, while the coolant channels with upward flow act as riser channels. A description and more details regarding the prismatic modular reactor under accident scenario is given by Said et al.(Abdallah 2017 , Said et al. 2018 , Said et al. 2018 . The efficiency of the natural circulation as a safety feature of the prismatic modular reactor is dependent upon how the gas coolant removes the decay heat from the reactor core. Therefore, to reliably simulate the thermal hydraulic phenomena within the reactor core, the gas-coolant heat transfer and dynamics need to be characterized by a representative geometry. In the open literature, there are few studies performed on the flow field in the prismatic modular reactor under the natural circulation using computational fluid dynamics (CFD) to address the thermal performance of PMR after LOFA under natural using different turbulence models as well as heat transfer mechanisms (Haque et al. 2006 , Simoneau et al. 2007 , Tung and Johnson 2011 , Aldridge 2013 , Tung et al. 2013 , Tung et al. 2014 , Tung et al. 2016 . Furthermore, there are unique experimental studies that were performed in the Multiphase Reactors Engineering and Applications Laboratory (mReal) at Missouri S&T, Rolla that are directed to understand the heat transfer and coolant dynamics within a dual-channel circulation loop under high pressure and temperature (Moharam 2017 , Said et al. 2017 , Al-Shahri et al. 2018 ). Said et al. at mReal research team implemented sophisticated measurement techniques, including hot wire anemometry, radial temperature T-thermocouple adjuster, and heat transfer coefficient probe to experimentally measure and analysis local coolant velocities, temperature fields (coolant and inner wall temperatures), and local heat transfer coefficients along the flow channels under different operating conditions. To the authors acknowledge, there are no reported studies in the open literature related to quantifying and understanding the gas coolant dispersion along the flow channels of the prismatic modular reactor (PMR) under an accident or normal scenarios. The only available experimental studies in the open literature are oriented to empty tubes under different operating and design conditions (Wen and Fan 1975) . Unfortunately, these studies are carried out in non-representative geometries and operating conditions that cannot be extended to the prismatic modular reactor under LOFA scenario. Hence, extensive quantification and analysis are carried out at mReal using advanced sophisticated gaseous tracer technique, for the first time, to advance the knowledge of the gas coolant mixing and dispersion occurring in the flow channels of the prismatic modular reactor under accident scenario. Implementation of the gas dispersion and mixing measurements using the gaseous tracer technique within the dual-channel circulation loop of Said et al. at mReal (Said et al. 2018a ) is technically challenging and will not produce reliable benchmark data due to temperature limitations and other difficulties as discussed in the next section of the experimental work. Hence, the measured local gas coolant velocities along the riser channel of the dual-channel circulation loop under different heating intensities (200 to 1400 W/m 2 ) (Moharam 2017 ) were used to design and develop the current cold-flow separate-effect test section which mimics the riser channel of the dual-channel circulation loop at mReal under cold flow conditions. This is executed by matching the local gas coolant velocities between the riser channel in the dual-channel circulation loop, which is designed at mReal with reference to high-temperature test facility at Oregon State University (Castañeda 2014 , Said et al. 2017 ) and the current separate-effect test section for atmospheric air condition. This is achieved by adjusting the input volumetric air flow rate to the test section to get similarity in terms of local air velocity between the separate effect test section and the dual-channel circulation loop. The effect of the heating intensity, ranging from 200 to 1400 W/m 2 , in terms of adjusted volumetric air flow rate, ranging from 0.0015 to 0.0034 m 3 /s, on the axial dispersion coefficients of the coolant was investigated along the riser channel within a cold-flow separate-effect facility. The deviation of the coolant flow from the plug flow condition along the riser channel is described using the one-dimensional axial dispersion model (1D-ADM). In the open literature, almost no experimental studies of gas phase dispersion of the coolant in a representative geometry of the PMR reactor were found. Thus, the current study provides high temporal resolutions and spatial benchmarking data in terms of axial dispersion coefficients that can be used as an input for the mass transfer correlations of the coolant in the PMR for safe, efficient design, and operation of the PMR under accident scenarios.
Experimental work
Multiphase Reactors Engineering and Applications Laboratory (mReal) research team at Missouri S&T designed and constructed a high pressure and temperature dual-channel facility, mimicking prismatic modular reactor (PMR), for natural circulation passive safety system heat transfer and gas dynamics investigations (Said et al. 2017) . Implementation of the gas dispersion measurements using the gaseous tracer technique in this facility is technically challenging and will not produce reliable measurements in terms of residence time distributions (RTD). These difficulties arise from the following: 1) temperature limitations (the thermal conductivity detector component of the gaseous tracer technique cannot withstand temperature exceeds 40 °C), 2) accumulation of the gas tracer within the dual-channel at mReal (the dual-channel facility is a closed system under high pres-sure and temperature, and there is an opportunity for the accumulation of the tracer that will affect the measured signals repeatability), and 3) gas dispersion instrumentation vacuum pumping components would affect naturally-driven flow within the dual-channel facility. Hence, a separate effect cold-flow convergent channel was designed and developed for gas dispersion investigations mimicking naturally-driven upward flow within the riser coolant channel of the dual-channel facility. Therefore, this separate-effects convergent channel was designed with the guidance of local velocity measurements of the dual-channel facility operated under different heating intensities by implementing hot wire anemometry (HWA) measurement technique (Taha 2017) . Each heating intensity in the dual-channel circulation loop facility for the riser channel is represented by air volumetric flow rate that is forced to flow through this developed convergent channel. In other words, naturally driven flow inside the dual-channel facility for the riser channel was mimicked by controlling forced flow through the convergent channel. Afterward, the convergent channel dimensions were calculated by using the previously reported air gas mean velocities and controlled volumetric flow rates. Table 1 shows actual velocities of the air as a coolant within the riser channel of the dual-channel circulation loop (from HWA measurements), and the mimicked one through the developed converged channel (cold flow conditions). It is worth mention that the values of average velocity in the convergent channel is achieved by adjusting the input volumetric air flow rate to the test section and that was a big challenge for such study. Figure 1 shows a schematic diagram of the convergent channel that is used for current experiments. The convergent channel is divided into three regions: A) lower mixing region (lower plenum) which will be modeled as ideal continuous stirred tank reactor (CSTR) to provide the inlet tracer concentration to the one-dimensional axial dispersion model (1D-ADM) as explained in the next sections, (B) upper mixing region (upper plenum) which is designed and developed for mimicking channel end effects (Said et al. 2017 ) as well as uniform sampling, and (C) core channel which mimics the riser channel without end effects. Stainlesss steel wire sponge has been used as a mixing material in the upper and lower plena. Preliminary experiments were performed to check the uniformity of mixing in the lower and upper plena (A&B). The sampling of the gas tracer was executed at different radial positions as: r/R = 0.0 (center of the convergent channel), r/R = 0.5, and r/R = 1.0 (near the wall surface of the convergent channel). Figure 2 shows that there were no significant differences in the measured signals of the gas tracer under the same operating conditions. This finding confirms that well-mixed conditions were achieved through lower and upper plena (A&B).
Gaseous tracer technique
The gaseous tracer (GT) is an advanced technique used to accurately measure the residence time distribution (RTD) in a complex flow structure of single and multiphase flow systems by injecting pulse or step change gas tracer and then monitoring its concentration at the exit (Han and AlDahhan 2005 , Han 2007 , Abdulmohsin and Al-Dahhan 2016 , Han et al. 2018 ). The measured RTD can be utilized to characterize and quantify the gas dispersion (which includes the contribution of both molecular diffusion and turbulent mixing) and identify the degree of mixing in the system. The well-designed gaseous tracer measurement technique that was developed by (Han 2007) in conjunction with the needed methodology of integral convolution to obtain a direct measurement of the gas dispersion through the test channel has been adopted in the current work. Schematic diagram and physical picture of the gaseous tracer technique configuration with the current convergent channel are shown in Figures 3 and 4, respectively. As shown in Figures 3 and 4 , the gaseous tracer unit consists of a gas analyzer, gas vacuum pump, and PC with data acquisition system (DAQ). The gas analyzer is a GOW-MAC 20 series binary analyzer which contains a flowing reference thermal conductivity detector (TCD), held at room temperature. A GOW-MAC 59-300 vacuum pump was used to draw the gas sample out of the test channel and pass to the TCD. The outlet of the convergent channel is connected to the sample line of the TCD, where the outlet pulse response is recorded. The response from the TCD was amplified, converted to digital signals, and recorded as time series data at a sampling frequency of 10 Hz that can be adjusted as well. Common difficulties involved in the gaseous tracer technique are non-ideal injections and extra dispersion in the sampling and analysis system, which may cause significant measurement errors if they are not accounted. Due to the extra dispersion caused by the sampling and analytical components, responses measured by the gas analyzer do not exactly represent the actual tracer response. To take account of the extra dispersion effects in the sampling and analytical system, a convolution or deconvolution method needs to be applied (Levenspiel 1972) . These two methods both yield a fair comparison between experimental measure- ments and reactor model predictions, either by adding the extra dispersion to the model predictions (convolution) or by removing the extra dispersion from the measurements of the whole system (deconvolution). However, due to its numerical instability, the deconvolution method is difficult to apply and is not widely used in chemical engineering research (Mills and Duduković 1989) . On the other hand, the convolution method had not been employed in gas dispersion studies till 1990 (Wachi and Nojima 1990 , Shetty et al. 1992 , Kantak et al. 1995 . Before that, the systems were assumed to have ideal tracer input and an ideal sampling and analytical system, which are not the actual cases. In the current study, the convolution integral method is implemented to quantify the extra dispersion in the lower and upper plena along with the extra dispersion exists because of the sampling and analytical system. To estimate the extra dispersion in the lower and upper plena as well as the sampling and analytical system, three ports for injection (I-1, I-2, and I-3) and one port for sampling (S-1) were designed and developed along the convergent channel as shown in Figures 3 and 4. The gas tracer (helium) introduced through a solenoid valve controlled by a digital timer, the injecting time was set to be 0.5 s as one shot, and the pulses were precisely started at the set time. Gas samples were continuously withdrawn to the gas analyzer through thin nylon tubes (1.6 mm inner diameter) under vacuum generated by the pump connected to the exit of the analytical instrument. Using the designed injection and sampling ports, for each air volumetric flow rate conditions, three measurements were obtained as shown in Table 2 .
Analysis and processing of the gas tracer signals
In this study, averaged resident time results were obtained from three replications of each experimental. Figure 5 shows a sample of the measured output signals for three experimental runs for an average volumetric flow rate of 0.0032 m 3 /s for measurement-1 (I1-S). It is worth mentioning that the reproducibility of all the current measurements was within ± 1.5 %. The measured signals for all experimental tests in terms of helium concentration (mV) are normalized by the minimum (C min ) and maximum (C max ) concentration values to achieve a common scale for all signals from zero to one. It is worthwhile to mention here that normalizing of the output tracer signal is an important step for qualitative comparison for the dispersion of different sections signals within the system. The normalized value of the output tracer signal in terms of dimensionless response (C normal ) can be estimated as follows (Han 2007, Abdulmohsin and Al-Dahhan 2016) :
For all measurements, minimum values for output tracer signals are zero as shown in Figure 5 . Hence, we can rewrite Equation 1 to become as follows:
(2) Figure 6 shows normalized signals for the gas tracer under different injection positions corresponding to Table  2 . It is remarkable that there is no significant difference between measurement-1 (I1-S) and measurement-2 (I2-S). Table 3 
Mean residence time (t m )
It is the average value of the response time (t), or it is the mean age of the gas tracer within the test section. Mean is the first moment of the RTD function. The mean (t m ) is given by (Levenspiel 1972) : or we can rewrite it in a discrete form as follows:
It is a measure of the gas tracer response about the mean (t m ) and has units of (s 2 ). The magnitude of the variance depends on the degree of the dispersion within the system, the greater value of variance, the higher degree of dispersion in the system and hence, the more response curve spreads and vice versa. The variance is given by the following equation (Levenspiel 1972) :
or we can rewrite it in a discrete form
Variance and mean residence time results confirm that as the volumetric air flow rate (heating intensity) increases, the mean residence time and variance decrease. In other words, there is a reduction in the response curve spreads which is achieved by increasing the volumetric air velocity and consequently the heating intensity. Also, is clear from Table 3 that the mean residence time for measurement I1-S is greater than I2-S and I3-s as it represents the whole system, including sampling lines, lower and upper plena, measurement system, lower plenum, and test section, while the other measurements represent part of the system as shown in Table 2 .
Convolution and regression methods
The main objective of integral convolution and regression methods is to properly extract the response or residence time distribution (RTD) of the test section separately from the whole system, which includes sampling lines from the system to the thermal conductivity detector (TCD) as well as external volumes of upper and lower plena. The upper and lower plena were assumed to follow an ideal continuous stirred tank reactor (CSTR) model, while the deviation of the flow of the gas phase (coolant) from plug flow characteristics in the flow channels of prismatic block reactor is described using one-dimensional axial dispersion model (ADM) where such representation is valid if there is not much deviation from ideal plug-flow reactor (PFR) model. It is worth mentioning that these assumptions were validated by the experimentally measured signals of the gas tracer as shown in the next sections.
Description of the gas dispersion and mixing within the lower plenum using a CSTR model
An ideal CSTR model was used to assess the gas tracer mixing within the lower plenum to get the input gas tracer concentration (c in ) to the one-dimensional axial dispersion model (ID-ADM). Figure 7 shows the sequence of the integral convolution and regression to obtain the CSTR parameter (τ s ) in conjunction with the input concentration (c in ) to the 1D-ADM. For the ideal CSTR model the concentration of the gas tracer throughout the reactor is identical to the concentration in the effluent stream, in which the CSTR model assumes perfect mixing. A non-reactive mass balance on the gas tracer for pulse injection at time t = 0 into the ideal CSTR model gives for time greater than zero (t > 0) (Levenspiel 1972 , Fogler 1999 , Abdulmohsin and Al-Dahhan 2016 Gas tracer in -Gas tracer out = Accumulation (7)
By separating the variables and integration with C i = C max at t = 0 and normalizing the concentration yields = Cmax 
where C in is a dimensionless form for the theoretical lower plenum tracer output signal, which is the input to the ID-ADM for the test section, t is the instant time, and τ s is the residence time within the lower plenum for the CSTR model. It is worth mentioning that the τ s of the CSTR model was estimated by the regression analysis using the measured gas tracer signal in terms of residence time distribution at the lower plenum outlet. Measuremnt-2 (I2-S) "C(2)" was used as the same input to the lower plenum to convolute the lower plenum as an ideal CSTR to predict the input tracer concentration (C * in (t)) to the 1D-ADM (Levenspiel 1972 , Han 2007 , Abdulmohsin and Al-Dahhan 2016 
More details regarding the convolution method can be found elsewhere (Levenspiel 1972 , Han 2007 , Abdulmohsin and Al-Dahhan 2016 . The convoluted output, C * in (t), of the ideal CSTR prediction was compared with the measured response of the measurement-1 (I1-S) "C(1)". Then, the parameter τ s was estimated by minimizing the averaged squared error between the convoluted prediction from CSTR ideal model (C * in (t)) and the experimental measured value C(1) from measurement-1 (I1-S) as follows: (Han 2007 /s. This indicates that the gas mixing within the lower plenum can be modeled as an ideal CSTR model for all experimental conditions. Thus, the calculated C in from the ideal CSTR model in the lower plenum in conjunction with the fitted parameter τ s was used as an input tracer concentration to the test section, in which the 1D-ADM is based on a known input tracer concentration. Estimation of the gas dispersion within the test section using the axial dispersion model
The one-dimensional axial dispersion model (ID-ADM) is used to describe the gas tracer dispersion within the test section. In this model, there is an axial dispersion of the gas tracer, which is governed by analogy to Fick's law of diffusion. Every element of the system is transported by molecular and convective diffusions at a rate equal to "D • A(dC/dZ)" in conjunction with bulk flow "UAC". Where D is the effective dispersion coefficient within the system (m 2 /s), A is the cross sectional area (m 2 ), U is the superficial velocity (m/s), and dC/dZ is the concentration gradient of the tracer (mole/m 4 ). A non-reactive mole balance on the gas tracer over a short length ∆Z of the test section in absence of radial variations yields (Levenspiel 1972 , Han 2007 , Abdulmohsin and Al-Dahhan 2016 − =
The gas tracer concentration in the mole balance equation (Equation 15) can be rewritten in a dimensionless form as follows:
where, =
Once initial and boundary conditions defined, the solution of Equation 14 will yield the effluent tracer concentration (C out ).
Closed-closed Danckwerts boundary conditions (Danckwerts 1953) were used in this study. An assumption is established for no radial variations of the tracer concentration or dispersion either downstream (Z = 0.0) or upstream (Z = L) of the test section. However, between the downstream and upstream we have axial dispersion. The corresponding boundary conditions are as follows:
The tracer concentration within Equation 16 can be rewritten in a dimensionless form as follow:
we have axial dispersion. The correspond
The tracer concentration within Equation Figure 12 shows the sequence of the integral convolution and regression analysis schematically to obtain the parameter "D" of the 1D-ADM. Using C in from Equation 10 as the input tracer concentration to 1D-ADM to yield an output profile C out , which is then convoluted by C(3) from measurement-3 (Table 2 ) (Levenspiel 1972) to produce the convoluted prediction (C , was compared against the measured response of the measurement-1 "C(1)" of the whole system. Then, the dispersion coefficient parameter, D, was estimated by minimizing the averaged squared error between the convoluted prediction from 1D-ADM (C * out (t)) and the experimental measured value C(1) from measurement-1 as follows (Levenspiel 1972 , Han 2007 , Abdulmohsin and Al-Dahhan 2016 :
Figures 13-16 show a good model fit of C * out and C(1) for selected operating conditions. The averaged squared error calculated by Equation (23) was in the range of 6.810 -3 ~ 22.24×10 -3 . The axial dispersion coefficient (D) is used to determine the dispersive Peclet number (N Pe ) which represents the ratio of the rate of transport by convection to the rate of transport by dispersion as follows: 12 measurement-3 (Table 2) [19] to produce the convoluted prediction (
Then the convoluted 1D-ADM prediction, * , was compared against the measured respo the measurement-1 " (1)" of the whole system. Then, the dispersion coefficient parame was estimated by minimizing the averaged squared error between the convoluted predictio 1D-ADM ( * ( )) and the experimental measured value (1) from measurement-1 as f [16, 18, 19] :
Figures 13-16 show a good model fit of * and C(1) for selected operating condition averaged squared error calculated by Equation (23) was in the range of 6.8x10 -3 ~ 22.24x10
The axial dispersion coefficient (D) is used to determine the dispersive Peclet number (NPe) represents the ratio of the rate of transport by convection to the rate of transport by disper follows:
The value of NPe is used to quantify the degree to which the axial dispersion affects the perfor of the separate-effect test section. A high value of the NPe corresponds to a slightly dis system.
Effect of the volumetric air flow rate (corresponding to heating intensity) on the gas pha axial dispersion coefficient (D) along the riser channel
The qualitative effect of the volumetric air flow rate on the axial dispersion coefficient (D)
illustrated by noting that, as the dispersion coefficient (D) varies from 0 to ∞, the system be changes from ideal plug flow to perfect mixing. As shown in Figure 17 , D values decreas
The value of N Pe is used to quantify the degree to which the axial dispersion affects the performance of the separate-effect test section. A high value of the N Pe corresponds to a slightly dispersed system.
Effect of the volumetric air flow rate (corresponding to heating intensity) on the gas phase axial dispersion coefficient (D) along the riser channel
The qualitative effect of the volumetric air flow rate on the axial dispersion coefficient (D) can be illustrated by noting that, as the dispersion coefficient (D) varies from 0 to ∞, the system behavior changes from ideal plug flow to perfect mixing. As shown in Figure 17 , D values decrease with increasing the volumetric air flow rate (increasing heating intensity). This behavior can be explained by the classical approach of turbulent mass transfer (Wen and Fan 1975) . The reduction in the values of axial dispersion coefficient (D) was evidently influenced by increasing the value of the eddy diffusivity of mass as turbulence was generated. A similar effect has been reported by Taylor (1954) , Keyes (1955) , and Aris (1956) for empty tube under turbulent conditions. Besides, the Peclet number (N Pe ) was calculated and shown in Figure 18 . The values of N Pe increase apparently with increasing the volumetric air flow rate (heating intensity), indicating a reduction in the rate of dispersion (Wen and Fan 1975) .
Remarks
Gaseous dispersion experiments were conducted, for the first time, in a mimicked cold-flow separate-effect riser channel of the prismatic modular reactor using advanced gaseous tracer technique. The current separate-effect facility was designed and developed considering measured local velocities in a previous study under same operating conditions along the riser channel of the dual-channel circulation loop at mReal (Said et al. 2017 ). Experiments were conducted using helium as a tracer within the air as a carrier under atmospheric conditions. The gas axial dispersion coefficient (D) and the Peclet number (N Pe ) have been measured and quantified under the different volumetric air flow rates of 0.0015, 0.0024, 0.0032, and 0.0034 m 3 /s which are corresponding to the heating intensity of 200, 600, 1000, and 1400 w/m 2 , respectively. The key findings are summarized as follows:
-The dispersion and mixing in the sampling lines and analytical system are a significant source of errors in the measured residence time distribution (RTD) and consequently values of D and N Pe . Hence, the integral convolution method is implemented to account the extra dispersion and provide accurate gaseous dispersion measurements.
-The results confirmed that a reduction in the residence time distribution (RTD) is achieved by increasing the volumetric air velocity (increasing heating intensity).
-the RTD experiments of the current study show that Peclet number increases with the volumetric air flowrate (and consequently Reynolds number). Therefore, the high volumetric flow rate mainly has the effect of decreasing the gas axial dispersion coefficient through lowering the turbulence and eddy diffusivities -The values of the Peclet number (N Pe ) are found to be increased with increasing the heating intensity (as represented by volumetric air flow rate).
-The obtained axial dispersion coefficient values can be used as needed model inputs in the mass transfer measurements of the flow coolant in the prismatic block reactor as well as pressure and heat correlations.
-The measured gas phase axial dispersion coefficients (D) and Peclet number (N Pe ) of the coolant gas flow in the riser channel are useful for efficient operation and safe design of the prismatic modular reactor (PMR). 
